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Abstract

Studentshave trouble understandinghe differencebetweenlazy

andstrict programminglt is dif cult to comparethe two directly,

becausopularstrictlanguagesndpopularlazy languagesliffer

in their syntax,in their type systemsandin otherwaysunrelated
to thelazy/strictevaluationdiscipline.

While teachingprogramminglanguagesourseswe have dis-
coveredthat an extensionto PLT Schemeallows the systemto
accommodatdoth lazy and strict evaluationin the samesystem.
Moreover, theextensionis simpleandtransparent=inally, thesim-
ple natureof theextensionmeanghattheresultingsystermprovides
arich ervironmentfor bothlazy andstrict programswithout mod-
i cation.

Categoriesand SubjectDescriptors D.3.m [ProgrammingLan-
guageq: Miscellaneous

GeneralTerms Languages

Keywords Lazy and EagerEvaluation, TeachingProgramming
LanguagesPLT Scheme

1. Intr oduction

Computerscienceprofessorsll over the world recognizethe sig-
ni cance of the de nitional interpreterasa centraltool in the un-
derstandingf programmindanguagesin this approachstudents
understandhe similarities and differenceshetweenprogramming
languagedy writing interpretersfor theselanguagesThesein-
terpretersare structurally similar to formal speci cationsof the
languageghey de ne (the de ned languages)As the coursepro-
gressesthe studentdearnaboutnewv programminganguagecon-
structsby addingcorrespondingulesto their interpreters Since
eachinterpreteris an extensionof the prior one,they aretypically
all writtenin the samede ning language.

This approachis naturaland informative, andit is adoptedin
one form or anotherby mary modernprogramminglanguages
textbooks[1, 8, 11]. In fact,this approactollows directly from the
maximthat“the bestway to learnis to teach”andthe obsenation
thatwriting a programis exactly this: the programmemustteach
the computerhow to performthe giventask,in the mostdetailed
andpedantidashionimaginable.
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The notion of ade nitional interpreteris anold one.Reynolds
[12] provides a synopsisof earlierwork andis the startingpoint
for muchof thelaterwork. In this paper Reynoldsclassi esde ni-
tional interpretershasedon two key featuresof the de ning lan-
guage:whetherthey permit higherorder functions,and whether
they arecall-by-valueor call-by-name.

Thisclassi cationaddsaseconchxisto thespaceof de nitional
interpretersAlong with the featureswe areaddingto the de ned
languagewe mustalsoconsiderthe setof featuresn the de ning
languageDo we wish to changehem,aswell?

At rst glancetheansweris “no”. After all, we have obsered
alreadythatextendinganinterpreteris possibleonly whenthe new
and old interpretersare written in the samelanguage Changing
the de ning languagecould force studentsto re-implementtheir
interpretersandneedlesslyisorientthem.

Turning again to the questionof how studentdearn, however,
we seethat while they gain experiencein specifyingthe de ned
language their experiencein developing programslies only in
the de ning language Indeed,studentsmay graduatefrom such
acoursewithouthaving written morethana few two-line programs
in eachof the languagegle ned. Thatis, the only programsthey
write arethetestcasedor theirinterpreters.

The clearestexample of this problemis in the differencebe-
tweenstrict andlazy languagesln a strict languageargumentso
a function arereducedto valuesbeforecalling the function. In a
lazy languagehowever, algumentdo afunctionareevaluatedonly
whenthey areneededSo, for instancea function which doesnot
useits rst agumentwill notcausethatargumentto be evaluated.
This changeis sufciently fundamentathat moststudentsunder
standazinesonly afterwriting mary programsn alazylanguage.
Merely altering an existing interpreterto de ne a lazy language
may not be enoughto internalizethe differencebetweerstrictand
lazylanguages.

Someprogrammingtexts addresshis throughwhat they call
“horizonal” integration, rather than the “vertical” integration of
extendinga singleinterpreterwith differentfeatures Speci cally,
they supplementheir de nitional interpreteravith smallprogram-
ming assignment alanguagehat containsthe desiredfeatures.
So, for instancethe studentanight practicewriting programsn a
lazy languagesuchasHaslell beforemodifying their interpreters
to behae lazily. The problemwith this approachis that the key
difference—laziness—iburied in an avalancheof other differ-
encesChangesn syntaxandchangesn type systemsrove to be
very large obstaclesparticularly for beginning programmersin-
stead,we would like a languagethat can behae eitherlazily or
strictly without changedo ary other part of the system.Thatis,
lazinessshouldbe orthogonalto otherfeaturesof thelanguage.

We have discoveredthatthisis possible usingthe PLT Scheme
framework. By changingthe “languagelevel” to onethatwe pro-
vide, studentsmay evaluatethe sameexpressionsn a strict lan-



guageor in the correspondindazy one.No changesvhatsoger to
the programtext arerequired.

A combinationof featuresmales this orthogonalswitch pos-
sible. Schemes syntaxsystem[10] provides the tools neededto
extendandalter the languageand PLT Schemes modulesystem
providesthe abstractiomeededo make this changdocal, sothat
codewrittenin thestrictlanguages still evaluatedeagerly

A key adwantageto this architecturds that PLT Schemes ex-
isting facilitiesareavailableto bothstrictandlazy languagesThis
includesarich setof libraries,anda variety of programtools, in-
cluding a syntaxchecler, a coveragetester and an errortracing
facility, amongothers[5, 3].

This paperhasthreemoresectionsin section2, we shav how
theissueof lazinessarisesn aprogrammindanguagesoursehow
ourlazylanguagets into thecurriculum,andhow theexisting pro-
grammingtoolswork withoutmodi cation onthenew languageln
section3, we shawv how the PLT schemeervironmentmalesit pos-
sibleto addlazinessn a high-level way. Section4 concludes.

2. Lazinessin Action

To illustrate our extension,we considera concreteexampleof its
use.What follows is dravn from lecturesgivenin Northeasterrs
Programmind.anguagesoursé. ThecourseuseKrishnamurthis
textbook “ProgrammingLanguagesApplication and Interpreta-
tion” [11]. In this approacheachnew conceptis

introducedandanalyzedn class,
demonstrateth Schemethede ning language),

implementedas an extensionof the de ned languages inter-
preter

exercisedat the de ning level (usage)and the de ned level
(implementation).

Throughouthe coursethestudentslevelopa seriesof interpreters
whosecompleity graduallyincreases.

Figurel shavsthede nition andtheimplementatiorof a sim-
ple languag@ thatis demonstrateth theearly stagef thecourse.
Sincethestudenthave experienceonly with eagelanguagesthey
readthisinterpreterasthede nition of aneagefdanguageandthey
translatethis beliefto theformal de nition aswell.

This providesa naturalentryfor adiscussiorof lazy evaluation,
andto explain thatthe evaluationrulesfor “with ' andfor “call '
canbe modi ed to operatein a lazy way,® which will changethe
de nedlanguagedo alazy one:

eval(fwith fx E;gE2g) ! eval(E2[E1=X])
eval(fcallgE1 E1) !  eval(Ef [E2=X]) if...

However, going back to the (apparently)eagerversionthat was
de ned andimplementedwe cansee(asnotedby Reynolds)that
thede nedlanguages eageronly becaus®urde ning languagéas
eagerandthatin factthe formal de nition is non-deterministién
this regard. Studentshave dif culty understandinghis possibility;
andassumehatthe de nition given could only be that of a strict
languagé.

One possibleapproachis to make a quick detourand intro-
duceHaslell [9] — alanguagehatis considerablydifferentfrom
Schemen bothsyntaxandsemanticsAs mentionecabove, we be-

1CSU660 http://www.ccs.neu.edu/course/csu660/

2This is Krishnamurthis "FWAE' language Curly bracesare usedin de-
ned languageso avoid confusingthemwith thede ning language.

3 A little laterin the coursewe discussiamecapturing.

4Weimaginethatstudentdearningin Haslell would besimilarly impaired,
althoughin the otherdirection.

lieve thatthis approachputsanadditionalburdenon studentssince

Haslell differ from Schemeon mary fronts on top of its choice

of evaluationorder For a crowd of strongerstudentsthis might

work, but we believe thatfor the averagestudentthe simultaneous
changesnaybedistracting.

2.1 Our Solution: A Lazy Scheme

Beforesettlingon a solution,we consideredanddiscardedseveral
alternatve approachesncludingthefollowing:

Implementan interpreterwhich studentsuseastheir de ning
language.This leadsto a heary performancehit, making it
impossiblefor studentgo run arnything morethantoy programs
in theirinterpreter

Have the studentsimplementa lazy language,and then as-
signexercisego beimplementedn theirde nedlanguageThe
main problemhereis that studentsconsidertheir de ned lan-
guageasatoy, sothey will dismisssuchexercisesasno more
than mere academidillustrations, and by associatiordismiss
lazy evaluationassuch.

Avoid introducing a lazy language,and insteaddemonstrate
somerestrictedazinessn the de ning languageFor example,

useSchemes delay ' andforce ' to demonstrateomedegree

of laziness While practical,the explicit natureof the abstrac-
tion preventsa deepunderstandingf the differencesetween
lazy andeagerevaluation.

We believe that actualprogrammingexperienceis crucial for in-
ternalizinglazy programming.Switchinglanguagesnalesit less
accessibleandthe abore approachesvoid makingstudentsxpe-
riencelazy programmingrst-hand.

In short,we needa practicalimplementatiorof a lazy variant
of Schemewhich shouldbe implementedas an extensionof our
existing language As we shall seein the following section,there
areseveralfeatureshatareuniqueto PLT Schemewhich malke it
possibleto de ne a “new language’with differentsemanticsyet
have it be a well-behaed part of the samesystem.This means
that we get the ervironment supportof DrScheme,as well as
functionality thatexistsin mary librariesthatareincludedin PLT
SchemeThelazylanguagés implementecsamodule soexisting
codethatdoesnotusethis moduleis notaffected.lt is alsopossible
to usestandardcodefrom a lazy programand vice versa,under
certain conditions— proceduresrom normal Schememodules
aretreatedas strict primitivesin lazy code,and valuesfrom lazy
modulescancontaindelayedpromisesn strict code.

2.2 Examples

The Lazy Schemelanguageis bundled as a PLT packagethat
is usedin the course.(The interestedreadercan install it from
http://csu660.barzilay.org/csu660.plt 5.) Oncethepack-
ageis installed, DrSchemes languageselectiondialog will have
anew “CSU660Lazy Scheme’entry which makesthe de nitions
andinteractionsvindows usethelazy language.

As a rst example,we canentersomecodeand withesshow
only thepartsthatarerequiredby interactionoutputis executed By
default, the Lazy Schemdanguagdevel usesDrSchemes syntac-
tic coveragefeature,which highlights codethatis “touched” dur
ing evaluation.Figure2 shavs a DrSchemescreenshahatdemon-
stratessuchaninteractiof.

As this demonstratesconstructorsof lists (‘cons', ‘list ',
‘list* ") and of other objectsare properly lazy in the new lan-
guage andaccessorarestrict. This meanghatinsteadof dealing

5 Currently this requiresusingversion209of PLT Scheme.
6 Coverageis indicatedoy colors,underlinesaddecherefor printoutclarity.



eval(N) I' N

eval(f+ E1 E2Q) !
E1 E2Q) !
eval(f E1 E2g) !

eval(E1) + eval(E2)

eval(f eval(E1) eval(E2)

eval(E1) eval(E2)
eval(ld) ! error =)
eval(fwith fx E1gE2g) ! eval(Ez[eval(E1)=x])
eval(F) ' F (forafunctionexpressiorF)
eval(fcallgE1 E1)

I eval(E; [eval(E2)=x]) if eval(E1) = ffunfxgEs g
I error otherwise

(define

eval FWAE> FWAE
Evaluates FWAEexpressions by reducing them
to value expressions.
(eval expr)
(cases expr
[(Num n) expr]

[(Add | r) (fwae-add (eval 1) (eval r))]
[(Sub | r) (fwae-sub (eval 1) (eval r))]
[(Mul T r) (fwae-mul (eval 1) (eval r1))]

[(With  bound-id named-expr bound-body)

(eval (subst bound-body
bound-id
(Num (eval named-expr))))]
[(1d v) (error ‘'eval "free identifier: ~s" V)]

[(Fun bound-id bound-body) expr]

[(Call (Fun bound-id bound-body) arg-expr)
(eval (subst bound-body
bound-id
(eval arg-expr)))]
[(Call something arg-expr)
(error  ‘'eval

"expected a function, ~s"

something)]))

got:

Figure 1. De nition andimplementatiorof a simplelanguage

W (Untitled 2 - DrSchemes =13

File Edit View Language Scheme Special Help

iSavel ‘:-Slep ﬁHandinl QCheckSynraxl _X‘Runl @Smpl
2ine ...

(define fibs (cons 1 (cons 1 (map + fibs (cdr fibs))11) j
(define foo (list (+ 1 23 (+ 3 "4") 5 (* 6 7))) .
~ 1=

Wekome to DrScheme, version 209, -

Language: CSUEB0 Lazy Scheme.
> (+ (second fibs) (first foo) (third foo))
9

>
i

N ]
5:2 Read/Write |:| net running

Figure 2. Demonstratingyntacticcoveragein Lazy Scheme

(define nats (cons 1 (map addl nats)))
(define (divides? n m)

(zero? (modulo m n)))
(define (sift n )

(filter (lambda (x) (not (divides? n x))) 1)
(define (sieve 1)

(cons (car 1) (sieve (sift (car 1) (cdr 1))
(define  (n-primes n) (take n (sieve (cdr nats))))

Figure 3. Usingin nite listsin lazy Scheme

with specialnamedor operation®n streamg1, 2], we useknown
Schemenamesthelanguages the samepnly the evaluationorder
changedThe codein Figure3 demonstratessingin nite listsin
plain Schemesyntax.

Finally, we can get backto Reynolds' obsenation, which is
demonstrateaffectively using our Lazy Scheme Almost ary of
the interpreterghat areimplementedhroughoutthe course e.g.,
the codein Figure 1, canbe usedasis in the Lazy Schemecon-
text to yield a lazy evaluator Re-examiningthe codein Figure 1,
revealsthat thereis a little more than plain Schemeto our inter-
preter The cases' expressioris a syntacticextensionthatis used

throughoutthe course togetherwith a newv “define-type ' dec-
laration. ‘define-type ' is usedto de ne a type which is a dis-
joint unionof afew recordvariantsand cases' checkghetypeof
its inputanddeconstrucit by pattern-matchingTogetherthey are
roughly equivalentto usingtypesin a staticallytyped (functional)
languagdike ML. Thisfunctionalityis implementedy somenon-
trivial syntacticcode.lt is essentiato the coursevork, soit must
be presentin the Lazy Schemdanguageaswell; which is easily
achivedby usingthe samecodein thetwo contexts. Thiscon rms
the usability of the lazy languagesinceit is usedwith codethat
implementour teachingframework.

Figure 4 shavs a more sophisticatedevaluator Once again,
this codeis valid in both languagesyielding an eageror a lazy
evaluator

3. Implementing a Lazy Scheme

Ourlazy languageémplementatiorreliesheaily on PLT Schemes
modulesystem[7]. This systemprovidesa robustway of de ning
modulesthat export both standardfunctionality and syntaxtrans-
formations.Thecoreof thelazy languagalelaysall functionappli-
cations andforcesagumentdo strict functions— thisis aknown
solutionto the off-by-one problemthat naive streamimplementa-
tionssuffer from (oursolutionis similarto even-stylestreamg13]).
Thisis implementedy thefollowing transformation:

(f x ..)
> (0 (et (f ()
(if (azy? ) ( x.) (¢ (¢ x .00
where” 'is delay' and’!" is ‘force ' iteratedasmary timesas
necessaryo getavalue.Therationalebehinditerating ‘force ' is
thatwe avoid complex bookleeping(e.g.,SRFI-40[2]) by treating
all promisesasdelayedexpressionsActually, the SchemeReport
mentionstreating promisesas the valuesthey encapsulateas a
viable implementationstratgy [10, Section6.4]: “It may be the
casethatthereis nomeansy whichapromisecanbeoperationally
distinguishedrom its forcedvalue”.

Theprincipleis thereforesimple; PLT Schemehasa combina-
tion of powerful featuresthat makesit possibleto implementthis
lazy languagein a way that cooperatesvith the ervironment,so
that strict andlazy codecanbe combinedvia the modulesystem.



(define-type  FLANG

[Num (n number?)]

[Add (lhs FLANG?)(rhs FLANG?)]

[Sub (lhs FLANG?)(rhs FLANG?)]

[Mul  (lhs FLANG?)(rhs FLANG?)]

[Div  (lhs FLANG?)(rhs FLANG?)]

[1d (name symbol?)]

[With  (name symbol?) (named FLANG?)(body FLANG?)]
[Fun (name symbol?) (body FLANG?)]

[Call (fun-expr FLANG?)(arg-expr FLANG?)])

eval : FLANGenv -> VAL
evaluates FLANGexpressions by reducing them to values
(define (eval expr env)
(cases expr
[(Num n) (NumVn)]

[(Add | r) (arith-op + (eval | env) (eval r env))]
[(Sub I r) (arith-op - (eval | env) (eval r env))]
[(Mul I r) (arith-op * (eval | env) (eval r env))]
[ODiv | r) (arith-op / (eval | env) (eval r env))]

[(With  bound-id named-expr bound-body)
(eval bound-body
(Extend bound-id (eval named-expr env) env))]
[(d v) (lookup v env)]
[(Fun bound-id bound-body)
(FunV (lambda (arg-val)
(eval bound-body
(Extend bound-id arg-val env))))]
[(Call fun-expr arg-expr)
(let ([fval (eval fun-expr env)])
(cases fval
[(FunV proc) (proc (eval arg-expr env))]
[else (error ‘eval
"expected a function, got: s"

fval))l)

Figure 4. Partsof anevaluatorcodethatcanbeusedasis in both
strictandlazy Scheme

Thefollowing is alist of thesefeaturesandhow they contributeto
theimplementationTheMzSchemédanguagenanual6] describes
thesefeaturedn detail.

Primiti ve application syntax: The transformatiorthat we useis
neededor all functionapplicationforms.In mostSchemem-
plementationsthis requiresimplementinga code-valker that
canidentify andignorespeciaformsandmacrosandis ableto
dealwith codethatis generatedby macros.

In PLT Schemehowever, all functionapplicationsare rst ex-
pandedasusesof the special #%app syntax[6, Section12.5].
Furthermoreijt is possibleto createa nev ‘languagemodule’
thatcanprovide its own versionof Schemeprimitives,includ-
ing the "#%app syntax. Our lazy languagemodule usesthis
to implementthetransformatiorof applicationforms. Figure5
shaws the relevant part of the (simpli ed) code that imple-
mentsthe new “#%app aswell asanew “apply ' function(the
“provide ' form is in chage of exporting a "'mzschemelik e
languagegexceptfor new versionsof “#%appand apply ).
Note alsothat *!'* is a function in the strict implementation,
but it mustbe treatedas a specialform whenit is usedin the
resultinglazylanguager it will getdelayedik e otherfunctions
— strictnessn alazy languagemustbe a specialform [4].

Applicable records: For the implementationof our transforma-
tion we needto determinewhena functionis lazy. Obviously,
known built-in constructoréike “cons' and’list ' arelazy, and
non-constructoprimitivesarestrict. But we cannotassumehat
all non-huilt-in functionsarelazy or we would notbeableto use
Schemdunctionsfrom conventionalmodulesmportedasstrict
functionality.

The solution exercisesPLT Schemes ability to de ne new
recordtypes(‘structs') that can be appliedas functions. This

(module lazy mzscheme
(define-syntax  ( app stx)
(syntax-case stx (!)
do not treat this as normal applications
[C ! x) (syntax/loc stx (! x))]
[C f x..)
(with-syntax
(Ily ..) (generate-temporaries  #(x ...))])
( (et (0 O by x ..)
(f (azy? p) P y.) (¢ y -
(define ( apply f . xs)
(let (If (¢ N [xs (list (apply list* xs))])
(apply f (if (lazy? f) xs (map! xs)))))
(provide (all-from-except mzscheme#%appapply)
(rename app #%app)
(rename apply apply)))

Figure5. Implementingazy functionapplications

canbe usedto annotatdunctionvalueswith sourcecode,doc-
umentation,etc. We rede ne ‘lambda so it generatesuch
taggedfunctions,makingit possibleto know whena function
valuewasgeneratedby lazy code.Checkingfor lazy functions
is now simple:thosethataretaggedaslazy cover userde ned
codeandbuilt-in constructorgwhich arere-providedastagged
values) recordconstructorarealsoconsideredazy. All other
functionsarestrict.

Technicalities: Therearea few userinteractiontechnicalitieghat
are speci ¢ for PLT Scheme For example,settinga custom
printer that forces(nested)evaluationresultsratherthan have
userdforcevaluesthey wantto see.

Module systemand syntax transformers: Finally, it is worth re-
peatingthat the resultingmodule cooperateswith the rest of
PLT Scheme— bindingsfrom the two languagesre not con-
fused, and programscan be made of modulesof both kinds
without problems;mary DrSchemeools “just work”. Specif-
ically, separateompilationworksasexpectedevenwhenmod-
ulesaredevelopedseparatelyandlater combinedaspartsof a
singleapplication Thisis agooddemonstrationf the power of
the PLT Schemenodulesysten[7].

4. Conclusion

Ourwork demonstratesvo things.First, thatPLT Schemes syntax
and module systemsmale it possibleto add such fundamental
featuresas lazinessto an existing languagein a transparenand
high-level way. Second,that such an extensionhas the crucial
adwantagethat it inherits a wealth of libraries and ervironment
tools.

As aresultof thesedevelopmentsijt is now possibleto shav
studentsn aprogrammindanguagesoursethedifferencebetween
strictandlazylanguage# isolation.Thatis, studentcancompare
strict andlazy evaluationsof the sameprogramtext. Furthermore,
they cando sowithout giving up existing libraries,or their current
setof tools.
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